ABSTRACT
and elastomers can be used for syntactic foams, while the particles, called microballoons can be made from glass, phenolic, carbon and so on [3] .
Syntactic foams exhibit excellent properties such as low density, high specific strength, high specific modulus, high production efficiency and low energy consumption. By taking advantage of these properties, syntactic foams are being used in aerospace, marine, vehicle and architecture fields. Nevertheless, researchers [4] [5] [6] [7] have reported several insufficient mechanical properties of traditional syntactic foams, which severely limit further development of this composite.
WKSF has much better cushion properties. The published studies conducted on WKSF or composites enhanced by WKSF mainly focus on their compression and impact properties [8] [9] [10] . In these researches, WKSF showed good cushion performance, and great structural integrity of WKSF could prevent the clustering and bunching of reinforced fibers. Therefore, WKSF is especially adapted for the use of skeleton materials in composites.
In order to improve the mechanical properties of syntactic foam, a new type of syntactic foam, namely syntactic foam reinforced by warp-knitted spacer fabric (SF-WKSF) was fabricated, and the quasi-static compression properties of this material were studied by our previous work [11] .
The results indicated that the SF-WKSF made with preferable warp-knitted spacer fabric (WKSF) shows better compression properties compared to neat syntactic foam (NSF). The results also demonstrated that all the parameters of WKSF, including inclination-angle of spacer yarns, surface layer structures, fineness of spacer yarns, and the contents and types of microballoons have significant effects on the compression performances of SF-WKSF.
On the basic of these experimental results in our previous study, current research is aimed to establish a theoretical compression strength model for various SF-WKSF samples by using the fiber buckling theory. Then, the calculated compression strength values are compared with experimental results to verify the accuracy of prediction models.
EXPERIMENTAL Materials and Sample Preparation
The materials (epoxy resin, hardener, microballoons and WKSF) and sample preparation process of quasi-static compression test of SF-WKSF are mentioned in our previous paper [11] , so it won't be covered again here. The physical properties of microballoons and structure parameters of WKSF are listed in Table 1 and 2, respectively. The specifications of all samples are summarized in Table 3 .
Specimen Nomenclature
The nomenclature of SF-WKSF samples can be illustrated by taking SWS60-30-B1 as an example. In SWS60-30-B1, SW denotes syntactic foam reinforced by warp-knitted spacer fabric, S60 represents the S60HS glass microballoons, 30 stands for the 30% volume fraction of the microballoons, and B1 denotes the type of WKSF in the composite.
Compression Test
Compression tests were carried out by MTS 810 universal materials tester. The test apparatus and schematic diagram of compression tests are shown in Figure 1 . Similarly, the compression test procedure can also be found in our previous work [11] .
MODELLING
In view of the fact when WKSF is subjected to the load through thickness direction, the spacer yarns are the primary load carrier, while the surface layers of WKSF have little effect on carrying the compression load. Therefore, to simplify the model, the theoretical compression strength models in this study does not take into account the influence of surface layers of WKSF in the compression process. In addition, for the same purpose, the syntactic foam matrix (epoxy resin reinforced by microballoons) is considered as homogenized in these theoretical models. After above processing, the SF-WKSF can be equivalent to a single-layer composite in which the spacer yarns are arranged in a single direction as shown in Figure 2 .
Figure 1 The test apparatus and schematic diagram of compression test

Compression properties of syntactic foam reinforced by warp-knitted spacer fabric
According to the fiber buckling theory [12] , the spacer yarns of SF-WKSF will buckle when they are subjected to the axial load. The buckle has two basic forms as shown in Figure 3 , that is the spacer yarns are buckled in opposite directions to form a tensile form (Figure 3(a) ), and the spacer yarns bend in the same direction to form a shear form (Figure 3(b) ). In order to prevent the spacer yarns tilted to the same side when spacer fabric is subjected to the load through thickness direction, the lapping movement of spacer yarns is symmetric in this research. Therefore, the adjacent spacer yarns have a stable triangular structure (Figure 4) . It means the buckling form of spacer yarns in SF-WKSF should be the tensile form as shown in Figure 3 (a) rather than the shear form as shown in Figure 3(b) . Thus, the tensile form is selected in the material model of fiber buckling theory in this simulation to predict the compressive strength of SF-WKSF.
The energy method was used to solve the critical buckling load of spacer yarns. The strain energy variation of spacer yarns, DU SY , and of syntactic foam matrix, DUN NSF , in buckling condition exist the following buckling criterion equation.
Where ΔW is the work done by external forces acting on spacer yarns. Assuming the displacement of single spacer yarn in the y direction is S, S can be expressed by trigonometric series as follows
where l is the length of spacer yarn as shown in Figure 3 . According to Figure 3(a) , the y-direction strain of spacer yarns, e y , can be calculated from Equations 3 Figure 4 The symmetric lapping movement of spacer yarns 
where b is the half width of matrix between adjacent spacer yarns. Meanwhile, it is easy to conclude that the y-direction stress of spacer yarns, s y , can be obtained as follows
where E NSF is the elasticity modulus of syntactic foam matrix. Because the generation of DU NSF is caused by s y and the product of stress and strain is strain energy, through integrating and combing Equation 2, Equation 4 can be written as
Meanwhile, ΔU SY could be expressed as [12] ∆U E h l n a n n SY 
where h and E SY are the diameter and elasticity modulus of spacer yarn, respectively. Assuming that d is the variation in length of spacer yarn under load, DW can be obtained by using Equations 7
∆W Pd P l n a n n = = p 
where P is the load acting on single spacer yarn, which is perpendicular to the plane as shown in Figure 3(a) . Therefore, in this model, P can be calculated from Equations 8
where s SY is the stress on single spacer yarn. E hE b (13) According to Figure 3 , it is obvious that the volume fraction of spacer yarns, V SY , can be expressed as
Substituting Equation 4, 5 and 6 into Equation 1, the following condition is obtained
that is 
s SYcr is also the critical strength value at which the spacer yarns are subjected to a compressive load. Assuming the strain of spacer yarns and that of syntactic foam matrix are the same when under compression load, the compression strength of SF-WKSF, s max , can be calculated from Equation 17
The measured s SYcr in Equation 16 was substituted in Equation 17, forming the final predictor formula of compression strength for SF-WKSF under the loading through-thickness direction, as follows:
It can be found in Equation 18 that the compression strength for SF-WKSF, s max , can be calculated on the premise of several material characteristic parameters, including elasticity modulus, volume percent of spacer yarns and of syntactic foam matrix are determined. The specific parameters of the theoretical model are listed in Table 4 . It should be pointed out that according to previous research [13] , 3% is determined as the volume fraction of voids for all specimens in this research.
RESULTS AND DISCUSSION
Comparisons of the experimental (yield strength) and simulated results of compression strength for specimens reinforced with different WKSFs are shown in Figure 5 . Except for SWS60-30-B4, the simulation results of other samples are higher than experimental results. Specifically, the simulated results of SWS60-30-B1, SWS60-30-B2 and SWS60-30-B3 have 35%, 7% and 6% higher compression strength values compared with corresponding experimental results, respectively. Furthermore, the simulated value of SWS60-30-B4 is 12% lower than that of the experimental value. In general, the simulated results of specimens reinforced with different WKSFs fit the results of compression test well.
Figures 6 presents the simulated and experimental results of compression strength for specimens with different microballoons types (characterized by microballoons particle sizes, which are 30 μm, 45 μm and 60 μm for microballoons types S60HS, S35 and K1, corresponding to the SF-WKSF specimens SWS60-30-B1, SWS35-30-B1 and SWK1-30-B1, respectively). It can be found that although with a slight overestimation (the simulated values of SWS60-30-B1, SWS35-30-B1 and SWK1-30-B1 are 25%, 31% and 7% higher than that of the experimental value), the simulation can predict the downward trend of compression strength with the rising of microballoons particle sizes from 30 μm to 60 μm quite accurately. It also can be found when the samples are reinforced with large microballoons particle size (60 μm), the results of prediction mode are very close to the experimental results. The predicted and test results of SF-WKSF specimens with different S60HS mocriballoons contents are depicted in Figure 7 . It is obvious that the model also accurately simulates the variation tendency of compression strength for different samples. Meanwhile, it also can be found in Figure 7 that the simulation results of the samples with relatively lower S60HS microballoons contents are closer to the experimental result. To be specific, the simulated values of samples with 20% and 30% microballoons contents are 13% and 26% higher than the experimental values. However, when the microballoons contents of specimens increase to 40%, the simulated value is far above the experimental value (48%), thus the accuracy of model is not satisfactory.
In general, the simulation results are in agreement with experimental results in this research. However, there are still some deviations between the simulation and experiment results. Such difference may emanate from the following reasons: firstly, to simplify the calculation, the form of spacer yarns in syntactic foam matrix was assumed to be fully stretching without bulking (see Figure 3 ) in this simulation. However, the real state of spacer yarns in the matrix is not straight but in a buckled state. The idealization of spacer yarns' status may account for the deviations of simulation results. In addition, ignoring the effect of WKSF surface layers in the compression process and homogenization treatment for syntactic foam matrix may also induce the difference between simulation and experiment results.
CONCLUSIONS
In this paper, a theoretical compression strength model has been established for various SF-WKSF samples based on the fiber buckling theory, and the compression strength values calculated by the model were compared with experimental results. Although there are some deviations due to model simplification, the simulation results are in agreement with experimental results and the errors of the theory calculation are acceptable. Therefore, the prediction model is effective and validated, so it can be used to predict the compression strength of SF-WKSF with different parameters. It can serve as a reference for practical production and further investigation on mechanical properties of SF-WKSF.
